Previous research has indicated that polyacrylamide (PAM) soil amendments can be effective in reducing runoff volume and soil erosion by reducing soil sealing and stabilizing soil structure. Furthermore, the application of an electrolyte in addition to PAM has been shown to further reduce runoff volume and sediment yield on some soils. A field study was conducted using simulated rainfall to test the effectiveness of method of PAM application (dry or in solution), the effectiveness of two sources of electrolytes, and effectiveness of a synthetic soil. Treatments using an application of a liquid PAM solution that was allowed to dry on the soil surface were the most effective in reducing total runoff (62% to 76% reduction compared to control) and total sediment yield (93% to 98% reduction compared to control). Spraying of PAM in solution was significantly more effective in controlling runoff and erosion than was the dry granular application.
Introduction
Agriculture is a leading source of pollution to surveyed streams, rivers, and lakes in the United States. According to the US EPA (1996) , agricultural pollution affects 25% of streams and 19% of lakes and contributes to 70% of all identified water quality problems in streams and 49% in lakes. Sediments are the most common pollutant affecting rivers and streams (US EPA, 1996) . Sediment contributes to 51% of water quality problems in rivers and streams and to 25% in lakes. The problem of erosion is not only an agricultural one. The construction and forestry industries also contribute to accelerated erosion rates.
During a precipitation event the impact of individual raindrops can cause breakdown of soil aggregates. Individual soil particles are then free to migrate to pore spaces, which results in sealing of the soil surface. Surface sealing results in reduced infiltration rates and consequently to increased runoff and erosion and may also interfere with seedling germination (Shainberg and Levy, 1994) . In the early 1950's the use of a synthetic organic polymer known as Krilium to stabilize soil aggregates was introduced (Wallace and Wallace, 1986) . However, prohibitive costs and difficulty of use limited its utility. More recently, the cost and effectiveness of synthetic polymers as soil conditioners have become more attractive because of advances in chemistry (Seybold, 1994) . One such polymer is polyacrylamide (PAM).
PAM is a synthetic organic polymer high in molecular weight and is water soluble. PAM primarily interacts with the clay fraction of soils (Seybold, 1994) . PAM can be synthesized in cationic, nonionic, or anionic forms, though anionic PAM has been found to be the most effective for erosion control (Shainberg and Levy, 1994) . Shainberg et al. (1990) reported that the benefits of PAM were enhanced by the introduction of an electroyte source that helps to create a cation bridge for the polymer to adsorb to the soil. Typically, the electrolyte is introduced in the form of phosphogypsum. PAM is being used extensively for erosion control in furrow irrigation systems.
Reduction of erosion and runoff through the use of PAM and gypsiferous material has been well documented. Objectives of this study were to determine the effect of application method of PAM on runoff and erosion and to test the effectiveness of alternatives to gypsum as a means to increase electrolyte concentrations in runoff for a worst case scenario of a large storm event on a newly disturbed soil.
Materials and Methods
Fifteen field plots measuring 3.0 m wide by 9.1 m long were constructed on a hillslope one-mile south of the Purdue University campus in West Lafayette, Indiana. The hillslope was first graded to an approximate 20% slope. Plot locations were staked and enough soil to fill the plot area to a depth of 25 cm to 35 cm was placed at each location. Average slope after raking and leveling was 16.6% ± 0.3%. After plot construction, each plot was rototilled by the same worker and subsequently covered with plastic sheeting to protect the plot from rainfall and to eliminate weed growth.
The soil used in the experiment was a silty clay (18% sand, 40% silt, 42% clay, 3.4% OM, 325 ppm Mg, 3800 ppm Ca, 22.0 CEC meq 100g -1 ) taken from the floodplain of the Wabash River by Purdue facilities, which uses the soil for various landscaping projects around campus.
Treatments in the study were: control, PAM in solution and Nutra-Ash * (PAMW+NA), granular PAM and Nutra-Ash (PAMD+NA), PAM in solution and SoilerLime * (PAMW+SL), and SoilerMaker * (SM). For all PAM treatments the polymer was applied at a rate of 60 kg ha -1 . The PAM used was anionic Percol 336*, a commercially available material (Allied Colloids Inc., Suffolk, VA), having 32% charge density and a molecular mass of 20 Mg mole -1 . SoilerMaker is a synthetic topsoil made by blending composted alkaline coal ash from the Purdue University power plant, fermentation by-product from the Eli Lilly corporation, yard waste from the West Lafayette and Lafayette areas, and animal bedding from the Purdue veterinary school with topsoil. SoilerLime (applied at 4.3 Mg ha -1 ) is composed of the same coal ash and fermentation by-product used in SoilerMaker. Nutra-Ash (applied at 8.0 Mg ha -1 ) is marketed as a liming/fertilizer supplement. Nutra-Ash is ponded class C fly ash which has been mined and crushed.
The day before each experimental run the plot was rototilled, raked, soil moisture content samples were collected, and the plot was seeded with grass mixture, except for control plots when the moisture content sample was collected the day of the experiment. Subsequent to collecting the moisture sample, soil amendments were applied as required. Plots were assigned treatments in a completely random fashion.
Each plot underwent a sequence of three sub-runs of simulated rainfall with de-ionized water. The first subrun (dry run) was targeted for a rainfall rate of 75 mm hr -1 for one hour followed by a period of 1 hour of no rainfall followed by a wet run of 75 mm hr -1 for one hour followed by a half hour break followed by a very wet run in the following sequence: 75 mm hr -1 for 15 min, 28 mm hr -1 for 15 min, 100 mm hr -1 for 15 min. The time for concentrated runoff to begin was noted for each sub-run, at which time sample collection began. After runoff initiation, samples were collected every three minutes. Discharge rate was measured by collecting runoff at the outlet trough in buckets for a known time. Sediment concentration samples were collected in one-liter bottles immediately after the discharge rate was measured.
Simulated rainfall depth was measured by placing rain gages at 0, 3, 6, and 9 m along each side and one gage at the mid-point of the top of each plot. In addition, two small metal troughs (20 mm wide by 3.4 m long) were placed diagonally across the plot to collect precipitation. Data from the rain gages and troughs were averaged to produce a composite rainfall value.
Results and Discussion
Runoff and sediment yield totals were used to determine treatment effects. Total runoff was calculated by integrating runoff rate over time. Total sediment yield was determined by multiplying the runoff volume for each time increment by the sediment concentration for that increment and then integrating over time. Analysis of variance (ANOVA) was used to determine differences for runoff and sediment totals between treatments using least squares estimators. To account for differences in runoff caused by changes in precipitation intensity the actual ANOVA procedure was carried out using the difference between rainfall and runoff. The Tukey multiple comparison procedure at P<0.05 was used to compare treatment means.
Simulated rainfall amounts for the dry, wet, and very wet sub-runs, and total were: 79.0 ± 1.6 mm, 79.2 ± 1.9 mm, 56.7 ± 1.4 mm, and 214.9 ± 4.6 mm, respectively (95% confidence limits). Table 1 shows runoff and sediment yield totals for each sub-run as well as for all runs combined by treatment. Also shown is the percent reduction compared to the control. The PAMD+NA treatment resulted in the greatest amount of runoff for all runs and was significantly different than all other treatments. There were no significant differences between other treatments for the dry run because of variation among replicates. However, the mean values of total runoff for the dry run suggest that both PAMW+NA and PAMW+SL were highly effective in reducing runoff. In fact the average times for runoff initiation for the PAMW+NA and PAMW+SL were 55.6 and 53.8 minutes, respectively, into the hour long sub-run, compared to 23.6 min and 20.6 min for the control and PAMD+NA treatments, respectively. Time for runoff initiation was fairly uniform for each treatment. Because of the relatively high amount of organic matter in SM (11.9%) and low bulk density (0.93 g cm -3 ) it was thought that it would permit more infiltration than the control. This seemed to be the case initially, however as the SM soil profile became saturated there was substantial ponding. As the water ponded on the surface it appeared that lighter organic matter would migrate downslope to form cataracts. These cataracts would break, releasing runoff water.
Mean runoff response for the PAMW+SL and PAMW+NA were similar for the wet run, showing no significant difference. Both of these treatments were significantly different than the control (70.0% and 77.1% reduction in runoff for the PAMW+NA and PAMW+SL treatments, respectively). The PAMD+NA treatment resulted in the greatest runoff (59.7 mm) for all treatments for the wet run. Over the entire experiment both the PAMW+NA and PAMW+SL treatments resulted in significantly less runoff than the control or PAMD+NA. The effectiveness of both PAMW+SL and PAMW+NA diminished over time with respect to the control. However, the effectiveness of PAMW+NA became more diminished than did PAMW+SL. The amounts of NA and SL applied were such that there was an equivalent amount of calcium. Because the effectiveness of SL did not decrease as much as NA, it is possible that the form of calcium in SL is more soluble, that other electrolytes were involved in addition to Ca, that organic matter in SL from the fermentation by-product had an effect, or that there were some combination of these reasons.
General trends observed for runoff also held for sediment yield. Overall, the PAMW+NA and PAMW+SL treatments were the most effective, reducing sediment yield by 93.1% and 97.9%, respectively. Interestingly, the PAMD+NA resulted in a reduction of 31.3% even though average runoff was 64.3% greater.
For the runs on initially dry soil, PAMW+NA and PAMW+SL were extremely effective in reducing sediment yield (99.7% and 99.5% reduction, respectively). During the experiments with dry PAM we noticed a considerable amount of PAM in the runoff water. A possible explanation is that individual PAM particles were adsorbed to small soil particles and were carried along with these soil particles in runoff or that PAM granules did not have sufficient time to dissolve and were transported away by the runoff water.
For the ANOVA analysis there were 5 treatments with 3 replicates of each treatment. Consequently, the comparison tests lacked power. An alternative means of viewing the effectiveness of the treatments is to examine the relationship between sediment yield and runoff. Figure 1 shows the best fit lines of sediment yield as a function of runoff for the wet run. Data from all three replicates were combined for each treatment. With the exception of PAMW+SL, each best fit line was a power function, indicating that for these treatments, sediment yield did not increase linearly with respect to runoff. For the wet run, there was good agreement between sediment yield and runoff, as shown by the high r 2 values. This demonstrates that the relationship between sediment yield and runoff was consistent among replicates for each treatment. Good agreement was also found in the dry and very wet runs (data not shown).
The exponent in the best-fit line for PAMW+NA was 1.2; making it nearly linear. For low values of runoff the lines for PAM+NA and PAMW+SL were nearly identical, then diverged at an increasing rate for greater runoff amounts. This supports the assertion that the SL maintained greater electrolyte concentrations than NA. Figure 1 also shows that for a unit increase in runoff the resultant increase in sediment yield was greater for PAMD+NA than for either PAMW+NA or PAMW+SL. However, this change in sediment yield for PAMD+NA was less than that of the control. Table 1 for the wet run shows that 62.5% more runoff but 28% less sediment yield was measured for the PAMD+NA treatment than for the control. This indicates that the dry PAM application hindered infiltration yet stabilized the soil. One possible explanation is that the PAM granules migrated into pore spaces, either through raindrop impact or in the application process, and then enlarged during wetting, thus blocking water infiltration. Over the course of a run soil may have been adsorbed to these saturated globules, or the saturated PAM may have acted as a mortar, to stabilize the soil to some degree. Another trend from Figure 1 of note is the comparison between SM and the control. At low values of runoff (< 1.5 mm) the increase in sediment yield per unit increase in runoff was greater for the control than for SM. However, as runoff amount became greater, this trend was reversed. At higher runoff values the increase in sediment yield was greater for SM because of its low bulk density, while at smaller runoff amounts the high amount of organic matter likely reduced the amount of erosion.
Conclusions
Both liquid PAM application treatments resulted in significant reductions in sediment loss and runoff. Dry application of PAM had no benefit in reducing runoff and a marginal benefit in reducing sediment under these experimental conditions. Results indicated that SoilerLime at a lower application rate was as effective as NutraAsh as an electrolyte source. Spraying of PAM in solution was significantly more effective in controlling runoff and erosion than was granular application under these experimental conditions. The synthetic soil was not significantly different than the other treatments in terms of total sediment yield and was only better than the dry PAM application treatment for runoff reduction. This experiment was designed to represent a worst-case scenario of a large rainfall on recently disturbed soil; other storm sequences could lead to different conclusions. 
